Conventional microbiological methods based on plate counts, enrichment and isolation procedures, and biochemical tests are inefficient, labor intensive, and slow. With perishable items like foods, more rapid analyses are desirable, and methods based on epifluorescence microscopy (25) or assay of microbial ATP (32) can give estimates of microbial contamination, equivalent to total viable counts, within a few hours. However, truly rapid methods for detecting food-borne pathogens have not yet been developed. Considerable progress has been made by the development of immunological methods (primarily in the form of enzymelinked immunosorbent assays [ELISA] ) (4, 5, 21) and specific oligonucleotide hybridization probes (6, 10) . However, both approaches are insensitive, requiring an excess of 106 of the target organisms ml-1, although fluorescent antibodies or oligonucleotide probes can be used to detect bacteria with greater sensitivity by using epifluorescence microscopy; these methods are, however, not without problems (2, 28) . Therefore, although the actual assay may take only a few hours, samples have to be enriched for at least a day prior to analysis to increase the number of target organisms to detectable levels. It is clear that there is scope for improving the sensitivity and automation of these approaches for practical applications.
The ability of digital computers to process and store large amounts of data could make a considerable impact on analytical microbiology (30) . To facilitate this, new detection and identification methods should preferably produce electrical signals directly. Indeed, instruments for monitoring microbial growth by measuring the conductance and/or impedance of growth media have been introduced, although these systems are not entirely specific, sufficiently sensitive, or rapid (7, 9) . Electrical detection systems exploiting immunological specificity-immunosensors (14) -have received considerable attention in recent years, primarily for medical applications (1, 26 A light-addressable potentiometric silicon sensor has been used in an enzyme-linked immunofiltration procedure (20) .
Sensitive (ca. 103 ml-') detection of pure cultures of Neisseria meningitidis and Yersinia pestis was achieved, although the application of this approach to foods is uncertain as foods cannot readily be filtered. We have investigated an amperometric catalase-linked immunosensor specific to the protein A of Staphylococcus aureus (22) . Although fairly sensitive (ca. 104 ml-1) and reliable in quantifying protein A-bearing S. aureus cells in pure cultures and foods, this method was difficult to perform, and there were variations in background levels with different strains of S. aureus. Modifications involving the use of phenyl phosphate as the substrate, an alkaline phosphatase-labeled secondary antibody, and the direct electrochemical detection of phenol gave a simpler assay which produced cell-dependent currents that were not dependent on the identity of the strain of S. aureus used (B. Mirhabibollahi, J. L. Brooks, and R. G. Kroll, Lett. Appl. Microbiol., in press). However, the sensitivity of the assay was not increased.
The development of the polymerase chain reaction offers enormous potential for the sensitive detection of bacteria by nucleic acid hybridization methods (12, 24) . However, amplification systems have also been developed for immunological methods, the most notable involving a NAD-NADH enzymatic cycling step. This increased the sensitivities of colorimetric ELISAs specific for prostatic acid phosphatase and thyroid-stimulating hormone by several orders of magnitude (15, 16, 31) . In this paper we have examined the use of this amplification step with an electrochemical detection system as a specific rapid and sensitive assay for protein A-bearing S. aureus cells in pure cultures and foods, which, owing to the production of a direct electrical signal, has potential for automation. 24 h. At the lower cell densities (<103 ml-1), most probable numbers (MPN) were also determined by inoculating three replicate tubes of brain heart infusion broth from each of three successive serial dilutions. After incubation for 24 h at 37°C the MPN in the highest dilution was calculated from standard tables (13) . Cheddar cheese, semi-skim pasteurized milk, and stewing steak were purchased from a local supermarket, and samples (10 ml or 10 g) were inoculated with 0.1 ml from the 18-h broth cultures of S. aureus and incubated overnight. After addition of diluent (90 ml of 0.01 M sodium citrate buffer [pH 6.0] containing 0.05% [vol/vol] Tween 20), samples were homogenized in a stomacher (Seward Medical Ltd., London, United Kingdom) for 2 min and serial dilutions were made by using homogenates from uninoculated food samples. Plate counts and MPN determinations for S. aureus were made, and samples for use as test antigen were boiled as described.
Colorimetric amplified ELISA method. The scheme of the amplified ELISA system (31) is outlined in Fig. la la) dramatically increased the sensitivity of the ELISA. Protein A could be detected at 10 pg ml-1 (Fig. 2a) , and the relationship between formazan formation (A492) and protein A concentration was good, linear regression analysis giving a correlation coefficient (r) of 0.92. Similarly, the sensitivity of detection of pure cultures of S. aureus NCDO 949 was increased, and about 100 CFU ml-' could be detected (Fig.  2b) ; the relationship between formazan formation and cell numbers was good (r = 0.94). All the results are presented with the corresponding negative control values subtracted. The control values in these experiments were consistent and low (A492 = 0.49 + 0.01 for protein A and 0.70 + 0.08 for S. aureus cultures), and the differences between the lowest concentrations of protein A or cells and the control values were consistent (Fig. 2) . This represented at least a 104-fold increase in sensitivity over the nonamplified ELISA system. Adapting the colorimetric ELISA for an electrochemical detection was relatively straightforward. Ferricyanide was readily reduced by the NADH and reoxidized by the Pt electrode. After immersion in the reaction mixture, immediately after polarization of the electrode, an initial spike in current output was observed (Fig. 3) . This quickly settled to a stable base line. Adapting the amplification system to an amperometric electrochemical immunosensor, with all its inherent advantages for automation, did not decrease the sensitivity of detection. Protein A could be reliably detected above 10 pg ml-1 ( Fig. 4a ; r = 0.99); the quantification of protein A-bearing strains of S. aureus was also reliable ( Fig.  4b ; r = 0.89), and the detection was very sensitive (<100 CFU ml-'). The variations in the negative control values were also small (protein A, 2.11 + 0.14 ,uA; cell cultures, 5.78 + 015 ,uA), and as few as 10 CFU ml-' could be detected when compared with the blank, although the differences in final current between 10 and 40 CFU ml-1 could not be reliably distinguished. These levels of sensitivity are so high that both MPN and plate count techniques were used. All the results presented (Fig. 2, 4 , and 5) are plotted against plate counts as there were no significant differences between MPN and plate count results for any of the cell density determinations.
With the food samples, an extremely good relationship between final current and cell numbers was observed ( been developed (8, 18 ). However, rapid methods for detecting the organism itself are needed, and levels (103 to 104 g-1)
of S. aureus are usually included in standards for food hygiene (27) account for the high sensitivity of the assay, since it is relatively abundant in the cell envelope (3). Effective polyclonal and monoclonal antibodies specific for other organisms have been described (5, 21) , and it is an obvious step to make this immunosensor specific for other food-borne pathogens by using these antibodies. However, it should be noted that this highly sensitive detection system may not be sensitive enough to be applied directly to foods for the detection of other pathogens. The choice of S. aureus as the target model system was perhaps fortunate, as the sensitivity achieved was adequate for the numbers of this organisms which are of concern in foods (27) . With other food pathogens, (e.g., Salmonella spp., Listeria monocytogenes), levels of contamination of <1/g are of concern, so that enrichment would still be needed. However, the remarkable improvements in the sensitivity of detection (>103 fold) obtained by using the system described in this paper suggest that it is perhaps mistaken to assume that further developments will not increase sensitivities still further. In the work described in this paper we have used polyclonal antibodies specific to protein A; sensitivity could be improved by the use of monoclonal antibodies with higher specificity and avidities. Furthermore, refinement of this enzyme amplification step, development of alternative enzyme amplification steps, application of more sophisticated electronic measuring systems, and perhaps immobilization of the antibodies close to the electrode surface could all contribute to gradual or dramatic increases in the sensitivity of enzyme-linked immunosensors; this could make sensitive, same-day tests for very small numbers of pathogenic bacteria a reality.
However, these increases in sensitivity raise some important problems which have yet to be addressed. To determine the accuracy and sensitivity of newly developed methods, results must be compared with existing enumeration methods. Plate count (and MPN determinations) are not without problems at high cell densities (30) , especially with organisms which can form clumps (like S. aureus). At the small cell numbers which can be detected by the present immunosensor system, both methods are at their limits of usefulness. It the sensitivities of new methods (including nucleic acid hybridization probes) are improved further, reliable independent assessments of cell numbers will be problematic. With raw foods, direct application of the immunosensor should present few problems. However, with heattreated processed foods, contaminant organisms may still be detected even 
